Abstract-This paper presents the use of shape memory alloy (SMA) spring actuators with real-time cooling to control the motion of the minimally invasive neurosurgical intracranial robot (MINIR-II). A new actuation mechanism involving the passage of water as the cooling medium and air as the medium to drive out the water has been developed to facilitate real-time control of the springs. Control parameters, such as current, water flow rates, SMA predisplacement, and gauge pressure of the compressed air, are identified from the SMA thermal model and from the actuation mechanism. In-depth modeling and characterization have been performed regarding these parameters to optimize the robot motion speed. Forced water cooling has also been compared with forced air cooling and proved to be the superior method to achieve higher robot speed. An improved robot design and a magnetic-resonance-imaging-compatible experimental platform have been developed for the implementation of the actuation mechanism.
I. INTRODUCTION
Brain tumors are the leading cause of all cancer-related deaths in children aged less than 20 and ranked in the top five for both males and females aged between 20 and 39 [1] . A mesoscale continuum robot, the second generation of the minimally invasive neurosurgical intracranial robot (MINIR-II) [2] , is envisioned to be the next-generation surgical robot to perform surgical resection of deep-seated brain tumor under continuous monitoring of magnetic resonance imaging (MRI) that provides superior resolution of brain tissues.
It ensures that more dexterous movements can be achieved in a restricted space. Several groups have investigated the potential of continuum robots in medical robotics such as the tendon-driven robot [3] , endoscope [4] and catheter [5] , the precurved concentric tubes [6] , and the pneumatically driven surgical manipulators [7] . Compared to convectional actuators such as hydraulic and pneumatic actuators, shape memory alloy (SMA) has high power to weight ratio, compact size, and silent operation. The need for constant inspection of the tubular parts, potential fluid leakage, cavitation, and delay issue due to long transmission lines for setups in MRI room also make hydraulic and pneumatic actuators less attractive. SMA's low cost, large strain, and higher actuation force (two to three orders of magnitude higher than piezoelectrics) eventually make it the actuator of our choice compared to the alternative MR-compatible piezoelectric actuator.
Generally, SMA can be either a local or a remote actuator in a medical robotic device. In the former case, SMA has been used for direct locomotion in capsule-type endoscopes [8] , bending [9] , and rotation [10] . In the latter case, straight tendon or bowden cable are used to connect the remotely placed actuators and the robot end effectors [11] . SMA can be used as actuators by displaying its superelastic or/and shape memory properties. Superelastic actuation mechanism is commonly used in devices for minimally invasive treatment [12] , which stay compact when being inserted into the body through a small incision. For SMA with one-way shape memory effect, the most common actuation mechanism is the bias mechanism [13] that restores the material to its martensite state after its actuation. In this paper, SMA-SMA spring actuators are used remotely through a tendon-driven mechanism to maintain the compact footprint of the robot, and antagonistically to provide active actuation force on the robot in two directions for each degree of freedom (DoF).
There is not a specific minimum required actuation speed or bandwidth required for a neurosurgical robot. The NeuroArm, an MR image-guided neurosurgical robot, has a tip-speed of approximately 0.5-5 mm/s [14] . The ROBOCAST system used to insert surgical probe in a keyhole neurosurgery has a linear actuator that moves at 2 mm/s [15] . In the work of De Lorenzo et al., a piezoelectric motor actuated needle was manipulated at speeds that ranged between 0.5 and 2 mm/s [16] . A concentric tube robot was reported to move at 2 mm/s in a simulated procedure in gelatin to aspirate hemorrhage [17] . We conclude that the movement speed of a neurosurgery robot is in the range between 0.5 and 5 mm/s. Surgeons normally use different current intensity, electrocautery application duration and cutting speeds during an electrocautery procedure to ensure a near complete removal of the target tumor and minimize undesired damage on adjacent tissues [18] . Thus, it is important to ensure that the neurosurgical robot actuated by the SMA spring actuators can be manipulated at sufficiently high bandwidth. Many cooling mechanisms have been proposed to address the slow response of SMA due to natural cooling [19] . Fan cooling [20] is one of the simplest and effective choices when individual SMA does not need to be cooled separately. Water jet cooling [21] has been attempted for a microSMA actuator. A mobile heat sink [22] equipped with a switching mechanism was developed to improve the actuation speed of an antagonistic pair of SMA wires. An SMA actuated robotic hand exoskeleton was developed using compressed air as the cooling medium [23] . Many other media have also been attempted to cool down SMA wires, such as silicone grease [24] , mineral oil, and thermal grease [25] .
In our previous work [19] , we proposed a compact cooling moduleintegrated SMA spring actuator that consists of a flexible tube threaded through each SMA spring coil. As a continuation to the work, we present a new actuation mechanism, whereby water is used to cool the SMA spring actuators that have completed actuation and air is introduced to remove the water from the system prior to the next actuation cycle. The originality of our approach lies in the combination of two fluids using a single set of apparatus to achieve both fast cooling and efficient heating of SMA springs while keeping the compact configuration of the actuators. Extensive modeling and characterization work was done to investigate the effect of several parameters that directly influence the SMA thermal behavior and the actuation mechanism. This is, to our knowledge, the first time that SMA springs are used to actuate a robot end effector back and forth at more than 1 mm/s, comparable to existing neurosurgery robot speed. This paper is divided into several sections: In section II, we provide detailed information on the coiled cooling module (silicone tube) and introduce the new actuation mechanism. Section III discusses the parameters determined from the SMA's heat transfer model and the actuation mechanism that would affect the actuation speed of MINIR-II. For each parameter, appropriate theoretical analysis is presented. Section IV presents the improved design of the latest prototype of MINIR-II and the development of a vision-based setup for characterization experiments. Characterization results and discussion can be found in Section V. Finally, we make some concluding remarks in Section VI.
II. COOLING MODULE AND ACTUATION MECHANISM FOR ANTAGONISTIC SMA SPRINGS
In this paper, we attempt to address one particular issue with SMA, its slow response. An interesting prototype introduced by Mascaro and Asada in 2003 [26] was a wet actuator, which was an SMA wire enclosed in a compliant tube that changed its longitudinal shape with the SMA when it was heated by flowing hot water through the tube. Cold water was then passed through the tube to cool the SMA wire and return the SMA to its low-stiffness martensite phase. Inspired by the idea and intending to apply it on SMA spring, we proposed a cooling moduleintegrated SMA spring [19] . It involves the threading of a flexible tube through the SMA spring and sealing of the two ends by rubber plugs, as shown in Fig. 1 . For the idea to work well, the flexible tube needs to have the right amount of softness, flexibility, and wall thickness. Different from [19] , where our idea was first introduced and tested, this paper involves rigorous selection process of the best available silicone tube (McMaster-Carr) to be used as the cooling module for the SMA spring of our choice (Flexmet, Belgium). Tubes with different parameters were tested on the SMA spring that has a spring coil diameter, D s , of 6.5 mm and a wire diameter, d s , of 0.75 mm. Table I shows the different tubes that we attempted to use for the cooling channel of SMA spring [27] . We eventually chose Tube 6 because it has the best combination of inner diameter, softness, and wall thickness to ensure smooth water flow and prevent unnecessary stress on the SMA spring.
Different from our previous work [19] , our newly proposed mechanism involves water as the cooling medium and compressed air as the medium to remove the water for efficient resistive heating. A fluid circulation system is developed to realize the mechanism, consisting of a water reservoir, an air compressor, wye fittings, and water and air valves for alternating the flow during the heating and cooling process. Each antagonistic pair of SMA springs (say, SMA A and SMA B) are responsible for only one DoF of a robot segment.
Each SMA spring pair is connected directly to each other by a monofilament fishing line that is routed around a grooved bearing. Each individual SMA spring is also connected by the tendon-driven mechanism to a hole terminated at a robot segment disk to bend it in one direction. Fig. 2 (a) and (b) shows the air and water flow during bending of a robot segment in two different directions. For example, in Fig. 2(b) , air valves are opened for a short period of time (varies depending on the gauge pressure of the compressed air) to pass the compressed air at high pressure through the cooling module to force the static water out, thereby, allowing water to return to the water reservoir and enabling more efficient subsequent heating. SMA B is at the same time, cooled by flowing water through its tube (water valve is opened), therefore, providing minimum resistance to the upward bending of the robot.
III. ACTUATOR CHARACTERIZATION FOR OPTIMAL ROBOT SPEED
The new actuation mechanism applied on the cooling moduleintegrated SMA spring has to be characterized to determine the highest robot speed that can be achieved by MINIR-II. The characterization parameters are largely based on the heat transfer model that governs the SMA spring during its actuation. It can be expressed as follows [19] :
where T s , β s , I, ρ s , h f , T f , L s ,ξ, and C s are the surface temperature of SMA, SMA resistivity, current, SMA density, heat convection coefficient of fluid, fluid temperature, latent heat of transformation, rate of phase transformation, and specific heat capacity of SMA, respectively. Subscript "s" denotes the SMA spring wire and subscript "f " denotes the fluid in the coiled silicone tube, be it air, denoted by subscript "a" (during the heating phase) or water, denoted by "w" (during the cooling phase). The second term in (1) represents the power used for resistively heating the SMA spring. The third term describes the rate of heat transfer between the SMA spring and its environment (air during the heating phase and water during the cooling phase). Heat convection coefficient, h w , from (1), is defined as [28] 
where the hydraulic diameter can be expressed as [28] , and d t , d s , N u, and k f are the silicone tube inner diameter, SMA spring wire diameter, Nusselt number, and thermal conductivity of the fluid in the cooling module, respectively. The third term describes the rate of change in latent heat energy during phase transformation of SMA between the martensite phase and austenite phase. The experimental variables that are derived from the three heat transfer model parameters are the current, water flow rate, and predisplacement of the SMA springs. We also investigated the effect of gauge pressure of the compressed air due to the mechanism we used in circulating the fluid. During each characterization experiment, we actuated the end segment of the robot in one DoF for ±10deg and varied only one parameter while keeping the other parameters constant. Our control parameter combination is as follows: current = 3.5 A; water flow rate = 1150 mm 3 /s; predisplacement = 50 mm; and gauge pressure = 15 psi.
A. Effect of Current
Since current is used to vary the power, we used a motor driver in its current controller mode for heating the SMA spring. The upper limit of the current was set to be 3.8 A to prevent excessive heating in the electrical wire as well as difficulty in controlling actuation over a small range of motion in the robot joint. Four different currents were applied to the SMA springs, namely: 3.0, 3.25, 3.5, and 3.8 A.
Equation (1) provides us with the theoretical prediction of the change in the SMA temperature when it gets heated. For free convection (air is static in the silicone tube during the SMA heating phase), we applied the equation for Nusselt number based on [31] , suitable for fluids of a large range of Raleigh number (Ra). Thus 
where
. P r, β a , ν a , and α a are the Prandtl number, volumetric coefficient of thermal expansion, kinematic viscosity, and thermal diffusivity, respectively, of air. Using (3) and referring to Table II , heat convection coefficient during the heating phase, h a , can be calculated through (2). 
B. Effect of Water Velocity
Forced convection happens as the water is continuously flown through the tube to cool the SMA spring. For forced convection, the following equation was implemented in our thermal model [32] :
Re is given by Re = Table I for different flow rates, q w . The results are plotted in Fig. 3(a) . Under the ideal condition that the SMA spring wire is always in the center of the tube and there is uniform flow around the SMA spring wire, the convection coefficient increases with an increase in the water flow rate and a decrease in the tube diameter. However, a tube diameter of 1.98 mm was chosen because it is the smallest tube diameter that allows water to flow smoothly during the contraction of the SMA spring.
C. Effect of Predisplacement
Predisplacements of the antagonistic SMA springs are identical to ensure that the robot joint can be actuated in either direction for the same angular displacement. The graph, shown in Fig. 3(b) , explains how the antagonistic SMA springs in our setup theoretically behave. The characteristic martensite [red curve in Fig. 3(b) ] and austenite [blue curve in Fig. 3(b) ] curves were experimentally determined by stretching (within recoverable limit) the SMA spring at room temperature (T s ≤ A S ) and at T s ≥ A F , respectively, while recording its displacement and force, where A S and A F are the austenite start and austenite finish temperatures, respectively. The maximum SMA recovery length was experimentally determined to be 80 mm [19] . The figure shows three cases of initial SMA displacement: δ initial(A ) , δ initial(B ) , and δ initial(C ) . The heated (contracting) SMA spring follows the dotted line and moves toward the austenite curve from its initial displacement, while the nonheated SMA spring, getting extended, moves toward the right by following the characteristic martensite curve from the initial displacement. The path taken by the heated SMA spring is a mirror image of that by the nonheated SMA spring. The maximum range of motion in case A is dictated by the displacement of the heated spring that contracts to 15 mm (δ A us(A ) ), while that in case C is dictated by the displacement of the nonheated spring, which is only 10-mm away from the maximum allowable displacement of SMA. To ensure the maximum range of motion in each direction, the optimal predisplacements should be around 50 mm.
Second, phase transformation in the SMA spring is affected by its stress level [33] and predisplacement can hypothetically be optimized to improve the rate of SMA temperature and its phase transformation, and thus, the robot motion speed. Three SMA predisplacements were considered in the characterization experiment, namely: 35, 50, and 65 mm. Using the experimentally measured force, theoretical temperature profile for each SMA predisplacement is determined through (1) and compared with the experimental data in Section V.
D. Effect of Gauge Pressure
We used compressed air to drive the water out so that the power supplied to the SMA can be primarily used for heating the SMA instead of heat dissipation in the surrounding water.
To optimize the actuation mechanism, the air valve should be shut off as soon as the heating phase takes over. The fluid motion between the air valve opening and the outlet at the end of the coiled tube is modeled in order to predict the theoretical duration for which air valve needs to be turned ON. Since the air passes through a straight tube with 1.5-m length before entering the coiled cooling module, the total pressure loss (gauge pressure) can be expressed as follows [34] :
where ΔP f s , ΔP f c , and ΔP a are the frictional component in the straight section of the tubing, the frictional component in the coiled cooling module, and the acceleration components, respectively, and can be expressed as f s
, and
. f s and f c are the friction factors in the straight tube and the coiled cooling module, respectively, while L s and L c are the lengths of the straight tube and the coiled cooling module, respectively. The flow investigated in our case are considered laminar in the straight tube since the Reynolds number (Re) is less than the critical value of 2100 [35] . The critical Re used to distinguish laminar and turbulent flow in coiled cooling module can be determined from [36] : Re cr = 2100(1 + 12
The Reynolds numbers of the flow in the coiled tube for all flow rates investigated are much less than the critical value of 16 008. Therefore, it is confirmed that the flow throughout the entire tubing system is laminar. Friction factor in the straight tube can be expressed as f s = 64 R e [35] , whereas that in the coiled tube can be expressed as f c = f s (0.556 + 0.0969(D n )) [36] . The Dean number is defined as
. Using the water velocities experimentally measured at different gauge pressures and solving (5), we obtain the time required to remove water from the coiled cooling module at different gauge pressure of the compressed air through t =
The theoretical and experimental time required for the water to be completely removed from the cooling module were compared and an average error of 0.53 s was observed. The experimentally measured times of 3.5, 2.3, 1.8, 1.5, and 1.3 s were then hardcoded into the control program to determine the duration for which the compressed air is turned ON in the characterization experiments for the five different gauge pressures of 5, 10, 15, 20, and 25 psi, respectively.
IV. EXPERIMENTAL SETUP

A. Robot
Our continuum robot consists of an interconnected spring, a flexible rubber sleeve, and a robot head with channels for cautery probes, suction tube, and magnetic field sensor (Robin Medical Inc., Baltimore, MD, USA), as shown in Fig. 4 . The interconnected spring backbone is divided into three segments, namely base, middle, and end segments, each of which consists of a disk and a spring. The design is an improved version of our MINIR-II prototype [2] as it now has a larger lumen to incorporate cable for the magnetic field sensor. The design is constrained by the largest diameter of 12 mm so that the robot can fit into existing endoports used in microsurgery of brain tumor as well as the minimum lumen diameter of 4 mm for the passing of sensor cable, tendons, cautery probe wires, and suction tube. After multiple trials, the robot is determined to have optimal stiffness (defined by its ability to maintain its elasticity after at least a 90deg angular displacement of the surface normal of the segment disk without breaking) with a spring wire diameter of 1.4 mm, a spring mean diameter of 5.2 mm, and 1.5-mm pitch. The robot is experimentally determined to have a bending stiffness of 8.7 N/m, whereas a single segment has a bending stiffness of 96 N/m. The prototype is rapid prototyped by Shapeways using the Frosted Extreme Detail material, which has a tensile modulus of 1463 MPa and a flexural strength of 49 MPa.
The outer spring in our previous prototype [2] is replaced by a flexible sleeve that continues to separate the tendons from the environment but provides the additional advantage of a waterproof interface to protect the magnetic field sensor. The sleeve is rapid prototyped using Stratasys Object500 Connex 3 from the TangloBlackPlus FLX980 material, that can sustain approximately 200% elongation and has a tensile strength of 115-220 MPa. The current design retains the advantages of smooth shape change and a compliant interface of our previous prototype. Tendon-driven mechanism is again employed so that the main robot body does not have to house any actuators and the heating of SMA would not cause distortion in the MR images. Each robot segment has two pairs of tendons terminated at its corresponding disk that would produce two-DoF bending. The central tendon routing configuration is used in the current robot to allow independent segment control [2] .
B. Experiment
We envision that the MINIR-II will be controlled under real-time MR image feedback. Since we are not using MR images at this point to control the robot motion, we implemented a vision-based control using a stereo camera to use the camera images as feedback to evaluate the performance of our 6-DoF robot. The schematic of the entire robotic system is shown in Fig. 5 . The actuator platform is manufactured from laser cut acrylic plates, as shown in two different viewpoints in Fig. 6(a) and (b) . For actuating 12 SMA springs that control three robot segments, we use six water valves and six air valves. Twelve transistors are used to determine the SMA spring actuator that would be heated by the motor driver (power source). A brass rod with three grooved plastic bearings are used, as seen in Fig. 6(a) and (b) , to provide a direct connection between each antagonistic pair of SMA springs for each DoF. This is an important feature of the SMA actuation system for this spring-based flexible robot to prevent it from getting compressed due to the unexpected tension in the SMA springs. In this way, the nonheated SMA spring always applies zero tension on the robot segment. The entire experimental setup consists of a water reservoir, 12 three-way valves (12-V dc Solenoid Valve, Electricsolenoidvalves.com, New York, NY, USA), an actuator platform with 12 SMA spring actuators and the robot, an air compressor, an Analog/Digital Fig. 7 . Schematic of the experimental setup that uses compressed air to force cool one pair of SMA springs for one-DoF motion of the end segment.
Input/Output board (Model 826, Sensoray, USA), and a vision camera (MicronTracker, Claron Technology Inc., Canada).
We used vision markers of 8-mm diameter to allow accurate tracking of each robot joint. The four markers (in the same plane) were, respectively, attached to the base of the robot, the end of the base segment, the end of the middle segment, and the robot tip. A virtual vector is formed between two adjacent markers and the angle subtended by two vectors determines the angular displacement of the corresponding robot segment. The angular displacement was considered as the vision feedback variable in this active vision control system and Proportional+Integral (PI) control was implemented to achieve set point tracking. We used the robot platform and vision-based control to perform all the characterization experiments for different control parameters as well as the experiments that compare the robot performance under forced water and forced air cooling for four motion amplitudes, namely ±5
• , ±10
• , ±15
• , and ±20
• . Two force sensors are added to the experimental setup to measure the force exerted by each of the two SMA springs that are in antagonistic configuration.
In the characterization experiments, we varied one parameter and kept the other parameters at the control state.
Step inputs of ±10
• were applied to the end robot segment.The same experimental setup, as shown in Fig. 6 , was used during the forced air cooling experiment, except that the water reservoir and valves used for flowing water were removed. Compressed air (high speed air), maintained at gauge pressure of 25 psi, instead act as the cooling medium during the experiment. The schematic for the forced air cooling setup is shown in Fig. 7 .
V. RESULTS AND DISCUSSION
In all the characterization experiments, a target amplitude of 10deg angular displacement of the robot was implemented and the end robot segment was actuated. The raw data of angular displacement versus time are plotted in the characterization graphs, while the important information from the graphs are analyzed and collected in the table under each graph. Delay time is the time it takes for the robot (not the SMA spring) to start moving after the control signal is provided to heat the SMA spring. Travel time is the time it takes for the robot to move to the target amplitude and can either be rise time or fall time. The robot frequency is defined as the reciprocal of the total time required to travel to a target amplitude (rise time) and back (fall time). The average robot speed is calculated by multiplying the distance traveled by the robot tip in a complete motion cycle, which covers one rise and one fall time, with the average robot frequency. The exact distance traveled by the robot tip is stated in each table. The parameters implemented in the experiment are clearly stated under each table. It should be noted that only the robot motion data between 30 and 110 s is considered in the analysis. Overall, the robot speed achieved under the new actuation mechanism is more than 1 mm/s, which is within the 0.5-5 mm/s range reported in the literature. Besides the robot displacement that was tracked by the vision camera, temperature of the SMA spring was also recorded and is discussed and compared with the model for characterization parameters such as current, water flow rate, and predisplacement.
A. Effect of Current and Water Flow Rate
As shown in Fig. 8(a) , higher current reduces both the average delay time and travel time and the robot achieved an average robot speed of 1.3 mm/s at 3.8 A. As shown in Fig. 8(b) , our model has produced matching temperature behavior as the experiment for each current, especially in terms of the rate of change of temperature (overall slope) and the final temperature.
According to analysis in Fig. 8(c) , the average delay times and average robot speed for the water flow rates of 800, 1000, and 1150 mm 3 /s are very similar and improved significantly under the two highest flow rates. As shown in Fig. 8(d) , the experimental temperature profiles for the two highest flow rates are especially steep, allowing the resisting SMA spring to reach the martensite finish temperature sooner. Using the theoretical heat coefficients calculated in Fig. 3(a) 3 /s, respectively, the model proves to produce consistent temperature profiles as the experimental data. The discrepancies in the initial cooling stage and the final settling temperature for certain flow rates could be a result of the rough experimental force data used in the model and the imperfect bond between the temperature sensor and the SMA spring.
B. Effect of Predisplacement and Gauge Pressure
The predisplacement characterization results, shown in Fig. 9(a) , show that the robot average speed improves with larger SMA spring predisplacement. This can be explained by the highest SMA heating rate and output force increase rate when it is prestretched by the most, as shown in Fig. 9(c) and (d) . The delay time, however, does not show a consistent trend. According to the works of Tanaka [33] , Brinson [37] and more recent works by Li et al. [38] , higher stress in the SMA increases its transformation temperatures. Our experiment matches the theory only for the SMA spring with the smallest predisplacement (35 mm) as it produced the shortest delay time, likely due to the SMA spring reaching its relatively lowest austenite start temperature quickest and starting to contract the soonest. One explanation for the inconsistent trend with the next two predisplacements is that the higher heating rate of the SMA with the largest predisplacement made up for its highest austenite start temperature. This allows the SMA with 65-mm predisplacement to have less delay time than that with 50-mm predisplacement. Fig. 9(d) shows the net force exerted on the robot by the SMA springs in antagonistic configuration. The SMA with the largest predisplacement exerted the largest force in the shortest amount time of time.
As shown in Fig. 9(b) , clear distinction in the robot speed was observed for different gauge pressures. The highest gauge pressure led to the fastest elimination of the water in the cooling module, and therefore, more efficient heating was initiated earlier.
C. Comparison Between Two Cooling Media: Water and Air
We investigated the effect of different cooling media on the robot speed at four motion amplitudes. The average robot speed when water was the cooling medium consistently more than doubled that when high speed compressed air was used, as shown in Table III . There is, however, only slight difference in the delay time. The robot speed also improves under both cooling media when the motion amplitude becomes larger and it reaches 1.73 mm/s under forced water cooling at amplitude of 20 deg. This is due to the nonlinear SMA heating behavior with smaller initial heating slope. 
VI. CONCLUSION
We have developed an SMA spring-actuated robotic system with active water cooling to enable real-time control of SMA spring actuators. Due to the limitation in actuation bandwidth of the SMA material, we implemented a new actuation mechanism to operate the previously developed cooling module-integrated SMA springs. Water is used as the coolant during the cooling phase and compressed air as the medium to force out water during the heating phase. We modeled the thermal behavior of the SMA spring that is operated under the new mechanism at different currents, water flow rates, and SMA predisplacements. Gauge pressure of the compressed air is another important control parameter to optimize the robot speed. Experimental characterization was performed to determine the effect of each parameter on the robot speed and experimental data were used to verify the model. Comparison between water and air as the cooling media also demonstrates that water consistently provides superior performance in terms of the robot speed. Our new actuation mechanism has been shown to allow the robot to consistently achieve average robot speed of more than 1mm/s, which is within the speed range reported in the literature for neurosurgical robots. The results from this study serve as important foundation for the tuning of the control parameters especially when the robot is tested in the brain tumor in a cadaver.
